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EDXAbstract The adsorption and corrosion inhibitive effect of acid red GRE (183) dye on carbon steel
alloy in 1 M HCl solutions was studied using various techniques. Results of weight loss, Tafel polar-
ization measurements and electrochemical impedance spectroscopy (EIS) techniques show that this
compound has fairly good inhibiting properties for steel corrosion in acidic bath; with efﬁciency
around 96% at a concentration of 50 ppm. The inhibition is of a mixed anodic–cathodic nature.
Factors affecting the corrosion process have been calculated and discussed. Acid red GRE (183)
dye was shown to be an inhibitor in the acidic corrosion. Inhibition efﬁciency increased with acid
red GRE (183) dye concentration but decreased with rise in temperature, corrosion inhibition is
attributed to the adsorption of acid red GRE (183) dye on the carbon steel surface via a physical
adsorption mechanism. Langmuir isotherm is found to provide an accurate description of the
adsorption behavior of the investigated azo compound. The nature of the protective ﬁlm was inves-
tigated using SEM and EDX techniques.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Iron and its alloys are widely used in many applications, which
have resulted in research into the corrosion resistance in vari-
ous aggressive environments. Efforts had been paid to mitigate
electrochemical corrosion, the primary strategy is to isolate the
metal from corrosive agents. Among the different methods
available, the use of corrosion inhibitors is usually the mostappropriate way to achieve this objective [1]. Hydrochloric
acid is generally used as ‘‘pickling acids’’ for steel. Its function
is to remove undesirable oxide coatings and corrosion prod-
ucts. Corrosion inhibitors used in acid treatment solutions sig-
niﬁcantly reduce the overall and local pickling attack and the
hydrogen absorption of steel strips. The inhibitors are extre-
mely effective even in very small concentrations. At the same
time, the lower iron dissolution leads to a considerable prolon-
gation of the life time of the steel structures, and the acid con-
sumption is reduced [2–12]. Azo compounds are the most
widely used class of dyes due to their versatile application in
various ﬁelds, such as the dyeing of textiles and ﬁbers, coloring
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tro-optical devices and ink-jet printers. The azo compounds
have also gained much attention because of their use as models
of biological systems [13]; the pharmaceutical importance of
compounds including an arylazo group has been reported in
the literature [14]. The Oxidation–reduction behaviors of these
compounds play an important role in its biological activity
[15,16]. Such dyes possess molecular structures which recom-
mend them for investigation as possible corrosion inhibitors
when compared with reports on the other organic inhibitors.
Some studies [17–19] have shown that the inhibition of the cor-
rosion by organic dyes is mainly attributed to the formation of
complex compounds between the metal-ions and the nitrogen
of the azo binding at the electrode surface. Their adsorption
characteristics depend on several factors including the nature
and number of potential adsorption sites present in the dye
molecule. Adsorption of such dyes on the metal surface can
distinctly alter the corrosion susceptibility of the metal, thus
elucidation of the correlation between inhibitor adsorption
and corrosion resistance is of immense importance. Metals
that are unable to adsorb these dyes are more often than not
corroded by them [20].
In continuation of the work on the development of dye
compounds as corrosion inhibitors in acidic solutions, we have
investigated its inhibiting action on the corrosion of carbon
steel in 1 M HCl. The effects of inhibitor concentration and
temperature on the performance and extent of adsorption of
acid red GRE (183) dye are studied.
2. Experimental procedures
2.1. Materials
Corrosion tests were performed on carbon steel specimen of
the following percentage composition (weight percent): 0.3%
C, 0.02% Si, 0.03% Mn, 0.045% Sn, 0.04% P and the remain-
der Fe were used in this study.
2.2. Solutions
The aggressive solution used was made of AR grade HCl.
Appropriate concentration of acid was prepared using bi
distilled water. The concentration range of the inhibitor
employed was 10–50 ppm, in 1 M HCl.
2.3. Weight loss measurements
Three parallel rectangular carbon steel coupons of size of
2.0 cm · 7.0 cm · 0.2 cm were abraded with emery paper
(grade 320-500-800) and then washed with bi distilled water,
ultrasonically degreased in acetone and dried at room temper-
ature. After weighing accurately using an analytical balance
(precision: ±0.1 mg), the specimens were immersed in 150 ml
beakers which contained 150 ml hydrochloric acid with and
without addition of different concentrations of acid red GRE
(183) dye. All the test solutions were open to air. After 48 h,
the specimens were taken out, washed, dried, and weighed
accurately. The average weight loss of three parallel mild steel
sheets was obtained. Then the tests were repeated at different
temperatures.2.4. Spectrophotometer measurements
The amount of iron dissolved in the corrosive media from both
unprotected and protected samples was determined by using a
fully automatic, computer-controlled atomic absorption
spectrometer (model 908; make GBC-Australia), and using
air-acetylene ﬂame. Three independent probes with a blank
probe were analyzed for each of the samples examined.
2.5. Potentiodynamic polarization measurements
Polarization experiments were carried out in a conventional
three-electrode cell with a graphite rod counter electrode
(CE) and saturated calomel electrode (SCE) as the reference
electrode. The working electrode (WE) was in the form of a
square cut from carbon steel with surface area 1.0 cm · 1.0 cm.
Before measurement, the working electrode was polished
mechanically, washed with acetone, rinsed several times with
bi-distilled water and dried. The freshly polished electrode
was immersed in test solution at natural potential for 2 h until
a steady state was reached. Electrochemical experiments were
carried out by means of impedance equipment (Tacussel
radiometer PGZ301) and controlled with Tacussel corrosion
analysis software (Voltamaster 4), connected to a personal
computer. Measurements were obtained using the electro-
chemical openings: three of them were used for the electrodes
and two for nitrogen bubbling during all the experiments.
The polarization measurements were carried out and the
anodic/cathodic polarization curves were recorded under a
constant sweep rate of 5 mV s1, initial potential 900 mV
and ﬁnal potential 200 mV. The corrosion potential (Ecorr)
and corrosion current density (icorr) were calculated using
computer program method (VoltaLab Master 4).
2.6. Electrochemical impedance spectroscopy (EIS)
Nyquist plots for various concentrations of the investigated
inhibitor were carried out using Volta lab potentiostat
(Tacussel-radiometer PGZ301) controlled by the Tacussel
corrosion analysis software model (Volta master 4). The work-
ing electrode was immersed in the corrosive media for 3 h then
impedance measurements were carried out by applying a
frequency range of 100 kHz and 50 mHz using 20 steps per
frequency decade while 20 mV amplitude peak to peak AC
signal was used to perturb the system.
2.7. Scanning electron microscopy
Carbon steel specimen surface was examined using scanning
electron microscope (JEOL JSM-5410, Japan) at 30 kV accel-
eration beam energy. A magniﬁcation power of X= 750 was
applied to the resulted micrographs.
2.8. Energy dispersive analysis of X-rays (EDX)
EDX system attached with a JEOL JSM-5410 scanning elec-
tron microscope was used for elemental analysis of the ﬁlm
formed on carbon steel surface before and after applying the
investigated inhibitor.
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3.1. Weight loss measurements
The corrosion of carbon steel in 1 M HCl in the absence and
presence of various concentrations (10–50 ppm) of acid red
GRE (183) dye was studied by weight loss experiments. The
corrosion rate (W) and the percentage protection efﬁciency
IE (%) were calculated according to the following equations
[21–23]:
W ¼ Dm=St ð1Þ
IE ð%Þ ¼ ðW0 W=W0Þ  100 ð2Þ
where Dm (mg) is the mass loss, S (cm2) is the area, t (h) is the
immersion period, and W0 (mg cm
2 h) and W (mg cm2 h)
are the corrosion rates of mild steel without and with the inhi-
bitor, respectively.
The values of inhibition efﬁciencies and corrosion rates
obtained from gravimetric measurements with the addition
of different concentrations of acid red GRE (183) dye after
48 h immersion in 1 M HCl solutions at various temperatures
are summarized in Table 1.
It has been found that the addition of this compound inhi-
bits the acid corrosion of steel at all concentrations used in this
study. It has also been observed that the inhibition efﬁciency
increases with the increase in concentration. The optimum
concentration for maximum efﬁciency was found to be
50 ppm where the efﬁciency attains 96% at 30 C. A further
increase of inhibitor concentration does not signiﬁcantly
change the protective effect.
The inhibition efﬁciency was estimated to be 83% at 30 C
even at very low concentration (10 ppm). Such remarkable per-
formances may be due to the high molecular weight ofTable 1 Corrosion rate of carbon steel, surface coverage and
corrosion inhibition efﬁciency in the absence and presence of
different concentrations of GRE (183) in 1 M HCl from weight
loss measurements at different temperatures.
Temperature
(C)
Conc. of
inhibitor (ppm)
Corrosion rate
(mg cm2 h1)
h gw
(%)
30 0 0.196 – –
10 0.037 0.81 81.2
20 0.027 0.86 86.0
30 0.019 0.90 90.3
40 0.015 0.93 92.6
50 0.011 0.95 94.5
40 0 0.402 – –
10 0.119 0.71 70.5
20 0.099 0.75 75.3
30 0.090 0.78 77.5
40 0.072 0.82 82.2
50 0.038 0.91 90.5
50 0 0.829 – –
10 0.336 0.59 59.4
20 0.278 0.66 66.4
30 0.196 0.76 76.3
40 0.175 0.79 78.9
50 0.146 0.82 82.4inhibitor, the presence of C‚O, N‚N which are electron
donating groups, and the presence of aryl groups.
Table 1 also shows that the inhibition efﬁciencies decreased
with the experimental temperature in general, which suggests
that the corrosion inhibition of acid red GRE (183) dye for steel
might be caused by the adsorption on steel surface from acidic
solution and higher temperatures might cause desorption of the
inhibitor from the steel surface. This can be due to the decrease
in the strength of adsorption process at higher temperatures,
suggesting that physical adsorption may be the type of adsorp-
tion of the inhibitor on the sample surfaces. To examine the
correctness of the adsorption model, one may apply adsorption
models to deal with the experimental data.
3.2. Open circuit potential measurements (OCP)
The open circuit potential also referred to as the equilibrium
potential, the rest potential, or the corrosion potential (Ecorr)
is the potential at which there is no current. The potential of
the carbon steel electrodes immersed in 1 M HCl solutions
was measured (against a standard saturated calomel electrode,
SCE, placed in the same compartment) as a function of immer-
sion time in the absence and presence of different concentra-
tions from GRE (183) dye. The obtained potential–time
curves are shown in Fig. 1.
All measurements were carried out until the steady state
potentials are attained. The steady state represents an equilib-
rium state at which oxidation current density (Iox) is equal to
reduction current density (Ired). It is clear that the potential of
the carbon steel electrode immersed in 1 MHCl solution (blank
curve) tends toward more negative potential ﬁrstly, giving rise
to short step. This behavior was reported by West [24].
Addition of inhibitor molecules to the aggressive medium pro-
duces a slightly positive shift in the corrosion potentialEcorr due
to the formation of a protective ﬁlm on the carbon steel surface.
3.3. Potentiodynamic polarization measurements
Carbon steel specimen was prepared for electrochemical test-
ing as working electrode and immersed in 1 M HCl solutionFigure 1 Potential–time plots for carbon steel in 1 M HCl
solution in the absence and presence of different concentrations of
GRE (183) inhibitor.
Table 2 Potentiodynamic polarization results of carbon steel
in the absence and presence of different concentrations of the
acid red GRE (183) dye in 1 M HCl at 30 C.
Conc.
(ppm)
Ecorr, mV
(vs. SCE)
Icorr
(mA/cm2)
ba
(mV/dec)
bc
(mV/dec)
IE%
0 447.3 0.2271 121.1 159.4 –
10 468.2 0.0368 109.0 164.2 83.80
20 515.6 0.0216 107.3 171.4 90.49
30 519.1 0.0147 110.1 173.2 93.53
40 522.3 0.0111 119.3 180.3 95.11
50 504.3 0.0090 108.0 176.5 96.04
Figure 3 Nyquist plots for carbon steel in 1 M HCl in the
absence and presence of different concentrations of acid red GRE
(183) dye in 1 M HCl at 30 C.
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in the absence and presence of various concentrations of GRE
(183) dye as shown in Fig. 2. Corrosion potential (Ecorr.), cor-
rosion current density (icorr.), cathodic and anodic Tafel slopes
(bc and ba) were calculated.
The obtained polarization curves indicated that corrosion
current density (icorr) was decreased by increasing inhibitor
concentration with respect to the inhibitor free solution and
hence, formation of good protective layer on the surface of
carbon steel.
The following equations were used to calculate the degree
of surface coverage (h) and the percentage inhibition efﬁciency
(IE%) [25]:
h ¼ 1 i
i0
ð3Þ
g % ¼ 1 i
i0
 
 100 ð4Þ
where i0 and i are the corrosion current densities in the absence
and presence of the inhibitor, respectively.
The obtained electrochemical parameters from polarization
measurements are summarized in Table 2. It shows that Tafel
lines are shifted to more negative and more positive potentials
for the anodic and cathodic processes, respectively relative to
the blank curve. This means that GRE (183) dye retards both
anodic and cathodic reactions, hence it acts as a mixed type
inhibitor. Also Tafel plots indicated that the synthesized inhi-
bitor has no effect on metal dissolution mechanism since the
slopes of the cathodic and anodic Tafel lines are approximately
constant and dependent on the inhibitor concentration.
3.4. Electrochemical impedance spectroscopy (EIS)
Corrosion behavior of carbon steel specimen 1 M HCl solution
at 30 C in the absence and presence of various concentrations
of that GRE (183) dye was investigated by the EIS technique.
Fig. 3 shows the obtained Nyquist plots which indicate that the
impedance response of carbon steel in 1 M HCl solution was
signiﬁcantly changed after the addition of the inhibitor mole-
cules. Table 3 summarizes the obtained EIS parameters such
as the charge transfer resistance (Rt), double layer capacitanceFigure 2 Polarization curves of carbon steel in 1 M HCl in the
absence and presence of different concentrations of acid red GRE
(183) dye in 1 M HCl at 30 C.(Cdl) and percentage inhibition efﬁciency IE% as calculated
according to the following equations.
Charge transfer resistance Rt was calculated from high and
low frequency impedance data as follows [26]:
Rt ¼ Z0re:ðat low frequencyÞ Z0re:ðat high frequencyÞ ð5Þ
Electrochemical double layer capacitance Cdl was obtained
at the frequency fmax, at which the imaginary component of the
impedance is maximal – Zmax using the following equation:
Cdl ¼ 1
2pfmax
1
Rt
ð6Þ
Finally, the percentage inhibition efﬁciency IE% was calcu-
lated from the values of Rt using the following equation:Table 3 Data from electrochemical impedance spectroscopy
measurements of carbon steel in 1 M HCl solution in the
absence and presence of various concentrations of acid red
GRE (183) dye at 30 C.
Conc. (ppm) Rt (ohm cm
2) Cdl (lF/cm
2) IE %
0 49 683 –
10 365 96 84.92
20 450 88 89.23
30 529 70 91.23
40 618 59 92.28
50 700 34 93
Figure 4 Langmuir adsorption plots for carbon steel in 1 M HCl in the presence of different concentrations of acid red GRE (183) dye at
various temperatures.
Table 4 Spectroscopic determination of the amount of the
dissolved iron in the absence and presence of different
concentrations of acid red GRE (183) dye in 1 M HCl at 30 C.
Conc. (ppm) Amount of dissolved iron (mg cm3) IE%
0 164 –
10 27.2 83.41
20 21.0 87.19
30 15.1 90.79
40 13.7 91.64
50 9.3 94.32
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where Rt and Rt(inh) are the charge transfer resistance values
in the absence and presence of inhibitor, respectively.
The applied GRE (183) dye inhibited the corrosion rate as
indicated by increasing the value of charge transfer resistance
(Rt) and decreasing the value of double layer capacitance
(Cdl) with increasing GRE (183) dye concentration, hence
inhibiting the corrosion rate on carbon steel surface by adsorp-
tion mechanism [27].
3.5. Adsorption isotherms
If it is assumed that corrosion occurs only in the free sites such
that the covered sites have zero corrosion rates, the degree of
surface coverage (h) for different concentrations of acid red
GRE (183) dye at different temperatures was evaluated by
the weight-loss method by using the following equation:
IE ð%Þ ¼ ðW0 W=W0Þ  100 ð8Þ
where W and W0 are the corrosion rates in the presence and
absence of inhibitor, respectively. It can be seen that the
values of surface coverage increased with increasing inhibitor
concentration as a result of more inhibitor molecule adsorp-
tion on the steel surface. Adsorption isotherm model was
constructed by using values of surface coverage (h) for various
concentrations of the synthesized acid red GRE (183)
inhibitor as obtained from weight loss measurements.Langmuir adsorption isotherm model was found to ﬁt well
with the obtained experimental data [28–30]
Ci=h ¼ 1=Kad þ Ci ð9Þ
where, Ci represents the molar concentration of the investi-
gated acid red GRE (183) inhibitor and Kad is the adsorption
equilibrium constant. Fig. 4 shows a plotting of Ci/h versus Ci
straight line which has a slope of approximately equal unity,
where a small deviation from unity is attributed to the interac-
tion of adsorbed inhibitor molecules on heterogeneous carbon
steel surface.
3.6. Solution analysis
After the corrosion process, the test solutions were subjected to
atomic absorption spectroscopic analysis. The amount of
metal ions present in various test solutions in which carbon
steel specimens were immersed for a period of 48 h at 30 C
is given in Table 4. It is clear that the amount of dissolved iron
decreases in the presence of acid red GRE (183) inhibitor. This
may be ascribed to the adsorption of this compound on the
carbon steel surface, producing a barrier, which isolates the
surface from the corrosion environment. The rate of iron dis-
solution decreases with increasing acid red GRE (183) dye con-
centration and the degree of inhibition depends on the
concentration of the inhibitor.
3.7. Scanning electron microscopy (SEM)
Fig. 5a shows SEM image of polished carbon steel surface.
The micrograph shows a characteristic inclusion, which was
probably an oxide inclusion [31]. Fig. 5b shows SEM of the
surface of carbon steel specimen after immersion in 1 M HCl
solution at 30 C for 48 h in the absence of GRE (183) inhibi-
tor, while Fig. 5c shows SEM of another carbon steel surface
after immersion in 1 M HCl solution at 30 C for the same
time interval in the presence of 50 ppm of the investigated
GRE (183) inhibitor. Scanning electron micrographs indicate
that carbon steel surface is quite less damaged in the presence
of 50 ppm of GRE (183) inhibitor however was strongly dam-
aged in the absence of the inhibitor. This conﬁrms the
Figure 5 SEM images for the carbon steel surface: (a) polished
sample, (b) after immersion in 1 M HCl and (c) after immersion in
1 M HCl in the presence of 50 ppm of acid red GRE (183)
inhibitor at 30 C.
Figure 6 EDX of the carbon steel surface: (a) polished sample,
(b) after immersion in 1 M HCl and (c) after immersion in 1 M
HCl in the presence of 50 ppm of acid red GRE (183) inhibitor at
30 C.
238 M. Abd El-raouf et al.observed high inhibition efﬁciency of GRE (183) inhibitor at
this concentration.
3.8. Energy dispersive analysis of X-rays (EDX)
EDX spectrum of polished carbon steel surface is shown in
Fig. 6a and indicates some characteristic peaks of the elements
constituting its surface. The spectrum of the polished carbon
steel surface after immersion in 1 M HCl solution at 30 C
for 48 h in absence of GRE (183) inhibitor, is shown in
Fig. 6b and c respectively. The spectra of Fig. 6c show thatthe Fe peak is considerably decreased relative to the samples
in Fig. 6a and b. The decreasing of Fe band indicates a
strong adherent protective ﬁlm of GRE (183) inhibitor formed
on the polished carbon steel surface, which promotes a high
degree of inhibition efﬁciency [32]. The oxygen signal as
appeared in Fig. 6b is due to exposure to the 1 M HCl solu-
tion in the absence of GRE (183) inhibitor. Therefore, EDX
and SEM examinations of the carbon steel surface support
the results obtained from electrochemical methods that the
investigated GRE (183) inhibitor is a good inhibitor for carbon
steel in 1 M HCl solution.
3.9. Conclusion
1. The investigated acid red GRE (183) dye is a good inhibitor
for carbon steel surface in 1 M HCl solution.
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since it retards both anodic and cathodic partial reactions.
3. The inhibitive effect of the investigated inhibitor is attribu-
ted to the formation of good adsorption ﬁlm on carbon
steel surface as conﬁrmed by both SEM and EDX
techniques.
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